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Topological characteristics of end groups of polymethine compounds have been revealed which govern the
value of the first electronic hyperpolarizability and are easily obtainable in the long polymethine chain
approximation. For a variety of-conjugated organics, they are represented in a table permitting prediction
of compounds with pronounced nonlinear optical properties. The theoretical estimgiem@fshown to
correlate well with experimentally observed values.

The past two decades have witnessed a vigorous developmenbur intention to reveal certain end-group topological parameters
of nonlinear optical materials and increasing theoretical efforts which appear to be crucial in determinifigvalues.
directed to the rationalization of observed molecular hyperpo- As a fundamental characteristic of an end group, we use its
larizabilities1?2 At the same time, progressively intensive inverse topological matrix also referred to as Green’s function
computational strategies, up &b initio level, are involved in matrix. Notably, the consideration can be restricted to the matrix
the prediction of nonlinear optical responses for a variety of element which corresponds to the end-group atom bound to the
molecular structures. However, from the extensive literature polymethine chain:
on the subject (see references cited in refs 1 and 2) it is seen
that even the most potent quantum chemical technigues often 9,2 = Wyl(z1 - Hj)’1|bj|] (1)
approximate hyperpolarizabilities within half an order of
magnitude. This sends theorists in search of the simple methodgz is a dimensionless energy variabje= 1, 2 labels two end
which would enable estimation of optical nonlinearities and groups attached to the chain through thgih atomsH; is an
reveal fundamental characteristics governing trends in their end-group Hamiltonian). In refs—710, it was demonstrated
values. Such qualitative models show considerable promise forthat the frontier level positions for a polymethine compound
an understanding of intimate regularities of relationships were unambiguously determined by two specific functiéi{g)
between chemical constitution and nonlinear optical properties. andL(z), defined in terms of the functiog,(z) as follows®
The earliest analysis of this kind dates back to the concept of
the equivalent internal fieléljntended for treatment of the first 2 1 1+ gj(z)cose
hyperpolarizability 3, of substituted benzenes; subsequently it F@2) = ZFj(Z) F(@=—arcctg—————— (2)
was generalized by Marder and collaboratbfs. = 4 g(2sin6

The present paper puts forward another approach to modeling
the second-order nonlinearity for polymethine compounds. On
the topological basis, using the kel Hamiltonian, it involves
modern Green'’s function formalism and, following Lifshits’
theory® provides an analytical description for the shifts of
individual energy levels of a quasicontinuous spectrum of a large
system perturbed by locally attached fragménta. related
method called the long polymethine chain approximation was
developed to treat quasilinearconjugated systenfs On the
whole, this line of study of polymethine compounds yielded an
adequate understanding of their chemical and optical beh#vior. N-methine chainil = k + 2n: k = 0 or 1, anch is an integer)
A nota_lble simplification r_esultlng from ignoring interelectron 24 two end groups, Mand M, are governed by the total
repulsion enabled keeping the analytical character for the quantityFue = {F1 + F2 + (k — 1)/} ({..} designates taking
treatment of polymethine compounds with arbitrary end groups. fractional part of a number). The closer to 0.5Fis, the more
This comprises a principal distinction of the model in question gtaple s the corresponding molecule with respect to reducers
from most of accepted quantum chemical methods (as for anq oxidizers, whereas it tends to accept electrons &ty
instance used in ref 11) providing higher accuracy but at a < 1/, and to donate them & < Fi; < 1. The wavelength of
sacrifice in generality. the first electronic transition of the polymethine molecule is

Recently it was invoked to account for a nonmonotonic proportional to the valu®&l + 1 + L. ThusL characterizes an
dependence of the first hyperpolarizability of polymethines on effective lengthening of a polymethine chain caused by end

L(2 = —27sin6-F' (2 6= arccos{-2/2)

(Hereafter, we shall use primed letters to designate derivatives
of the corresponding quantities with respect to the energy
variablez). The valuesF(0) andL(0) (further denoted af
andL) account for end-group effects respectively on the position
of the molecular energy gap relative to the Fermi lexet(0)

and its magnitude; they are regarded as end-group contributions
to the electron-donor ability and effective length of a polyme-
thine molecule. Redox properties of a molecule constituted by

the donor-acceptor strength of their end grousHere it is groups.
As shown previously? the topological parameters mentioned
t Institute of Surface Chemistry. and their derivatives taken a = 0 are related to the key
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calc (10-30 ) the projection of a chain €C bond onto the long molecular
B esu axis. On substituting egs 4 into formula 3, we arrive at the
o following relation forf:
100 " [ 4,
/ i/‘//z 3 earccs 2011 '
Y, /’(/x p==—7(N+1HN+1+L)Y(L;— LY (5)
10 | /K T Pec
£p
o Interestingly, the same expression is derivable from the
1} e correspondind- dependence of the linear polarizability:
o
/
/ 2 2. 2
/ er
o1l J o= gezis CIN+1+4L)° (6)
d Ege T |ﬁcc|
0.1 1 " 10 o 100 if we assume the existence of the effective internal fi€lg,
J:hnd (10 “esu) induced by the donor and acceptor end graupa.fact, if the

Figure 1. Correlation between calculate@<, and experimentao t_otal dipol_e moment of a molecule placed in an external electric
B, static first hyperpolarizabilities for vinylogous serigs= 0, 1, field, E, is defined asu(Eer,E) = uo(Ee) + o(Eer)E +
etc., from left to right) of polymethine compounds @ »-M, where B(Eer)E?+ ..., thenB(Eerr) = > 00(Eerr)/0Eesr. The effective
M; and M; are end-group numbers in Table 10)(1-Ci2n-2, (@) internal field arises from the difference in potentials between
5-Cran-2, (A) 5-Co12n-3, (&) 5-Cii2n-4, (M) 5-Coron-7. two end groupsA¢ = (N + 1)rcEerr. This can be simulated

. by oppositely varying the energy paramezait the end groups.

A ) With Az = eAg/(2|) added to and subtracted from= 0

for the two end groups, the total effective lendthwhich enters
roo} into eq 6 can be represented Ag(—Az) + Ly(Az), and
# differentiating eq 6 with respect tBs leads to

. 2. 2
n 4

N /¢ . _Eercc
Iy Iy e ﬁ_

o' ! L .7'1,’5 |ﬁcc|

2 dL
dEeff

(N+1+1L) (7

500

L where

y .u//;*,, a L) d(Az) _er(N+1)
i / = — =
i dEs 2 Y dE 2|l

L—L) (8

300 /
<, Substituting eq 8 into eq 7 immediately yields formula 5.
e Notably, in the treatment of the first hyperpolarizability for a

g polymethine compound, we focus on the end groups and not
| on the polymethine chain itself as the latter provides no
contribution to this nonlinear optical parameter due to symmetry
exp factors (see, e.g. ref 16).

A (am) The consistency of two approaches, the long polymethine
Figure 2. Correlation between calculatetfa, and experimentaf-2t chain approximation (see egs 5 and 6) and effective-field model,
2%, wavelengths of the first electronic transition for compounds treated Provides support for the view that the end-group topological
in Figure 1 as well as for symmetrical polymethines:) @-Cs12n-9, parameters andL’ are the sought-for factors determining trends
(*) 10-Cs;.20-10. in the first hyperpolarizability. For symmetric compounds, the

o ) ) ) value vanishes in terms of the model used, sidgce= L] in

two-state modet>1*which is best applicable to dipolar quasi- gq 5; this is in complete agreement with the resuiliti replorted by
linear molecules (contributions fother than the dipolar one  yjader et al. based on the treatment of bond-order alternation

100 300 500 700

were discussed in detail in ref 15): which reduces to zero in this case-or unsymmetric polyme-
2 2 thine molecules, a nonzero bond-order alternation (giving rise
B =3MupgelBye A= pee ™ figq @) to a nonzergs, according to ref 5) results within the framework
of the long-chain approximation despite the assumption of equal
Ege= 278 J(N+ 1+ L) resonance integrals for chainC bondsl” At the same time,
2 focusing on the topological parameters involved in eq 5 one
Hge= —(@In°)er(N+1+1) can infer that highs values should be anticipated for the

polymethine compounds whose end groups are characterized
Au=mer (N+1)(N+ 1+ L)_Z(L'2 - Ly 4) by the sufficiently great quantitids; + L, and|L, — Lj|. In

Table 1, the parameteFs L, andL' are presented for a number
HereAu is the difference in dipole moments between the ground of end groups of polymethine compounds studied spec-
(9) and the first excited (e) states which is proportional to the troscopically:®2! The table also includes 16 end groups having
difference of the effective length derivatives for two end groups, L > 3 and|L'| > 4 and thus showing promise as to their
L, — L}; Ege and uge are, respectively, the energy and the nonlinear optical response which have been selected out of 50
dipole moment matrix element for a-g e transition;3¢; = residues usually involved in polymethine chemistry. In the
—4 eV is the resonance integral for a-C bond within the calculation of the topological characteristics of interest, we used
N-methine chaing is the electronic charge. =~ 1.247 A is parametrization as indicated in the note to Table 1. It should
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TABLE 1: Topological Parameters of End Groups Common in Polymethine Chemistry

no. M F L L no. M F L L'
1 N 0.250 0.500 0 14 : % 0.163 3.564 —5.359
N
2 owr 0.148 0.200 0.120 15 ; ; 0.750 5.500 12.000
N
3 o 0.747 2.451 —3.818 16 0.750 8.625 40.109
AN
N
4 NC>WW 0.199 1.948 —1.486 17 0.750 8.625 24.141
N
5 C 0.078 2.176 —2.830 18 E 0.837 3.617 6.694
N
N
6 0.040 1.677 —0.773 19 ﬁj 0.789 3.001 4.884
00— panne
o
7 o 0.077 2.596 —6.772 20 0.699 3.741 5.404
O SON
0 o
8 0.852 4.200 15.880 21 0.699 3.969 5.496
o CCS
o
9 0.250 3.250 —1.313 22 @ 0.736 4.602 6.051
(o S
10 0 0.837 1.873 —0.873 23 0.736 4.602 8.043
- e
s
11 ( 0.215 4.244 —5.660 24 m 0.651 4.907 5.000
N
T S
12 in 0.290 6.054 —9.500 25 E 0.651 5.046 4.470
N
S
13 N 0.163 3.849 —4.741

Note: Onlyo-bonds are indicated in end-group structural formulae. The Coulomband the resonancgxx, integrals for atoms and bonds
are defined respectively as + hxfBcc andnxxfcc with commonly usedx andyxx: values: hc = 0, hy = 1, ho = 2, hs = 0.7; 5jcc = nen = 1,
nco = 0.8,7cs = 0.4; for nitro groups in structures 3 andlg, = 2, ho = 1, ynvo = 0.7; for cyano groups in 4jcny = 1.2, for exocyclic oxygen
atoms in 2, 6, and 8jco = 1.

be pointed out that the choice of parameters causes the strongest can be helpful in the molecular design of polymethine
effect on high-order derivatives 6{2) such ad.'(z). The factor compounds with a pronounced optical nonlinearity. Their redox
L' determiningf values accounts for dramatic discrepancies properties are also controllable by the selection of end groups
between experimentally measured hyperpolarizabilities and theirwith the appropriate values of topological electron-donor ability.
estimates yielded by semiempirical methods. To exemplify, for real polymethine compounds shown in Figure
The calculated by eq 5 versus obseA?édl 8 values are 1, Fiot varies in the range from 0.23 to 0.66 thus not deviating
presented in Figure 1 which shows a reasonable accordancevidely from the optimum value, 0.5. A surprising adequacy
between them: Points are clustered along the bisector of theof the calculategB values appears to result from the primary
first coordinate angle thus suggesting that theoretical expecta-part of molecular topology in the origin of optical nonlinearity
tions of highg values are corroborated experimentally and Table for the compounds under study. That is why a model neglecting
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both the electronelectron repulsion and bond resonance integral (2) Brédas, J.-L.; Adant, C.; Tackx, P.; Persoons, A.; Pierce, B. M.
alternation in the polymethine chain does account for certain Chem Rev. 1994 94, 243.

substantial features of molecular spectral behavior. (3) Oudar, J. L; Chemla, D. ©pt Commun1975 13, 164.

It can be noticed in Figure 1 that within certain vinylogous (4) Gorman, C. B.; Marder, S. Reroc. Natl. Acad Sci U.SA. 1993
series of polymethine compounds, theoretical estimate$ of 90, 11297.
increase withN faster than the corresponding experimental (5) Marder, S. R.; Gorman, C. B.; Meyers, F.; Perry, J. W.; Bourhill,

G.; Bradas, J.-L.; Pierce, B. MSciencel994 265 632.
(6) Lifshits, I. M. Zh. Eksp Teor. Fiz. 1947, 17, 1017, 1076.
(7) Dyadyusha, G. G.; Rozenbaum, V. M.; Dekhtyar, MZh. Teor.

values. This is evidently due to the emergence of a finite gap
atN — o in the energy spectrum of polymethines, which fact
:2 'gg\?gf:e'g tg]e t'ﬁgg'sgﬁlﬁggrfoﬁ':mb‘_“?:n' +T?f_gsyz}m1%rgtude Eksp Fiz. 1991, 100, 1051;Sa. Phys JETP 1991, 73, 581.

9 ythe g FAL e 2 : (8) Dyadyusha, G. G.; Kachkovskii, A. Dkr. Khim. Zh. 1975 41,
the effect reaches its maximum AF = 0.5. Indeed, as seen  117¢.50, progr. Chem 1975 41 (11), 52.
from 'Flgure. 2, the derivative A'e°7dAs*P increases in the (9) Dyadyusha, G. G.; Ushomirskii, M. Nieor. Eksp Khim. 1985
following series of molecules: 945n-9, 10-G24-10, 1-Gor- 21, 268; Theor Exp Chem 1985 21, 257.
2, 5-Gion-4, 5-Gion-2, 5-Goron-3, and 5-Gian7, whoseAF (10) Dekhtyar, M. L.Dyes Pigm 1995 28, 261.
values amount respectively to: 0, 0, 0.10, 0.12,0.07,0.17,and 14y schulten, K.: Ohmine, I.; Karplus, Mi. Chem Phys 1976 64,
0.50. Accordingly, for unsubstituted chains containing an even 4422,
number of carbon atoms and characterizedMsy= 0.5 (i.e. (12) Dekhtyar, M. L.; Rozenbaum, V. M. Phys Chem 1995 99,
for so-called ideal polyenes), the results of minimizing the 11656.
ground-state energy suggested that an antiferromagnetic state (13) Oudar, J. L.; Chemla, D. S. Chem Phys 1977, 66, 2664.

with a gap became preferable to the gapless or¢ at1022 (14) Oudar, J. LJ. Chem Phys 1977, 67, 446.
Also, the value AF serves as a quantitative measure of (15) Zyss, J.; Ledoux, IChem Rev. 1994 94, 77.
polymethinic or polyenic molecular nature treated bjhbe?? (16) Flytzanis, C. IlNonlinear Optical Properties of Organic Molecules

It becomes therefore apparent that the mentioned tren@l in  and Crystals Chemla, D. S., Zyss, J., Eds.; Academic Press: New York,
values within vinylogous series will be marked the more, the 1987; Chapter 13.
closer are the compounds to ideal polyenes. (17) Dyadyusha, G. G.; Ushomirskii, M. Nieor. Eksp Khim. 1989

To sum up, a simple model for estimating the first hyperpo- 25 266.Theor Exp Chem 1989 25, 243.
larizability of polymethine compounds is developed which ~ (18) Cheng, L-T.; Tam, W.; Stevenson, S. H.; Marder, S. R.; Stiegman,
analytically treats the factors determinifigalues. These easily A-Ej R'k_ken’ G Spar_‘gler’ C. W P_hys Chem 1991, 95, 10643.
calculable topological characteristics enable tendencie in Co(rﬁ?u;'fgg'%g: G.; Cheng, L.-T.; Marder, S.RChem Soc, Chem
behavior to be revealed and thus facilitate a large-scale search (20) Mostovnikov, V. A Rubinov, A. N.: Alperovich, M. A.: et al
and molecular design of conjugated compounds with & pro- 7, 'priki. Spektrosk1974 20 (1), 42. T '
nounced second-order optical nonlinearity. (21) Dyadyusha, G. G.; Alperovich, M. A.: Tyurin, V. S.; et aJkr.

Khim. Zh. 1985 51, 298.
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